Background: Abnormal expression of the cell cycle regulatory proteins p27 Kip1 (p27) and cyclin E may be associated with breast cancer survival and relapse. We studied these markers in a clinical trial setting with patients with breast cancer treated by a uniform drug regimen so that treatment was not associated with variability in outcome. Methods: We used tissue microarrays to evaluate the expression of p27 and cyclin E proteins by immunohistochemistry in tumor tissue from 2123 (68%) of 3122 patients with moderate-risk primary breast cancer who were enrolled in Southwest Oncology Group -Intergroup Trial S9313, in which patients were assigned to receive doxorubicin and cyclophosphamide administered concurrently (n = 1595) or sequentially (n = 1527). Disease-free and overall survival were equivalent in the two arms. Expression of the proteins was rated on a scale of 1 -7, and the median value was used as the cut point. Log-rank tests and Cox regression analyses were used to assess associations with survival. Overall survival was defi ned as time to death from all causes; disease-free survival was defi ned as time to recurrence or death. All P values were from two-sided statistical tests. 
E stimulates cells to enter S phase ( 11 , 12 ) . Expression of these proteins is controlled largely by posttranslational mechanisms, indicating that the levels of p27 and cyclin E proteins in tumor cells may be the most accurate measure of their involvement in tumor progression ( 13 , 14 ) .
Data from several population-based and clinical studies indicate that abnormal expression of p27 and cyclin E protein, as measured immunohistochemically, is associated with poor clinical outcome in many human cancers, including breast cancer ( 15 -19 ) . In a series of patients, overexpression of low -molecular weight forms of cyclin E, as measured by western blot analysis, was related to an almost 13-fold increase in mortality from breast cancer ( 20 ) . However, few of these studies accounted for systemic treatment of the patients. The prognostic effects of cyclin E and p27 could depend on how patients were treated because it is likely that the products of these genes may affect the patients' response to various therapeutic agents ( 21 -24 ) . Thus, the relationship of cyclin E and p27 expression and survival should be tested in patients with breast cancer who were treated similarly, for example, in a prospective clinical trial.
In this study, we evaluated the association of p27 and cyclin E protein expression with disease-free and overall survival in patients with moderate-risk breast cancer who were enrolled in an Intergroup randomized clinical trial of doxorubicin and cyclophosphamide ( 25 , 26 ) (protocol S9313, " Phase III Comparison of Adjuvant Chemotherapy with High-Dose Cyclophosphamide plus Doxorubicin versus Sequential Doxorubicin followed by Cyclophosphamide in High-Risk Breast Cancer Patients with 0 -3 Positive Nodes " ).
P ATIENTS AND M ETHODS

Patient Population
Patients enrolled in the Southwest Oncology Group (SWOG) -Intergroup (Eastern Cooperative Group [ECOG] , North Central Cancer Treatment Group [NCCTG] , and Cancer and Leukemia Group B [CALGB] ) trial S9313 between April 1, 1994 , and May 31, 1997, were eligible for testing and analysis in this study. The protocol compared disease-free survival and overall survival in 3122 women with moderate-risk primary breast cancer who received equivalent doses of either concurrent adjuvant high-dose chemotherapy with doxorubicin plus cyclophosphamide (n = 1595) or high-dose, sequential chemotherapy with doxorubicin followed by cyclophosphamide (n = 1527) for an 18-week period. Patients were eligible for treatment if they had tumors that were estrogen receptor (ER) negative and progesterone receptor (PR) negative and greater than 1 cm in diameter, greater than 2 cm regardless of hormone receptor status, or lymph node positive with fewer than four positive axillary lymph nodes. Five years of tamoxifen treatment was prescribed for all postmenopausal women and all hormone-responsive premenopausal women after chemotherapy. Subjects ranged in age from 21 to 76 years (median age = 47 years).
Patients with ductal carcinoma in situ or lobular carcinoma in situ in addition to invasive disease, metaplastic carcinoma, and bilateral synchronous tumors were eligible. As reported, the two arms of the study showed equivalent disease-free survival and overall survival ( 25 , 26 ) .
Demographic data included age, race, and menopausal status. Tumor data included stage, size, lymph node status (0, 1, 2, or 3 positive lymph nodes), ER status, and PR status. ER status and PR status were determined by methods and standards used by the local institutions and were not centrally reviewed. Median length of follow-up was 7 years. All patients provided written informed consent to participate in the clinical trial. Tissue blocks were collected prospectively concurrently with enrollment to the trial with patient consent. Permission to perform the studies described in this report was provided by the Fred Hutchinson Cancer Research Center Institutional Review Board.
Tissue Specimens and Tissue Microarray
Tumor tissue samples that were available and adequate for our experiments were provided by the SWOG, ECOG, CALBG, and NCCTG trial groups for 2123 (68.0%) of the 3122 women enrolled in the trial. These tissue samples were incorporated into tissue microarrays in Seattle.
For tissue microarray construction and immunohistochemistry testing, a histology slide from each subject's archival tumor block was reviewed to identify and mark the location of tumor and normal components. The markings were transferred by video merged to the corresponding tissue block. Marked donor blocks were cored into the recipient master block according to a grid map with 0.8-mm spacing from the center of one core to the center of the next core by use of an automated Beecher ATA 27 Tissue Arrayer (Beecher Instruments, Inc, Silver Spring, MD).
The 28 master tissue microarray blocks constructed from the study tumors incorporated up to three tumor and three normal cores (each 0.6 mm in diameter) from an archival block for each subject. Three tumor cores were obtained from 99% of the tumors. Cores were arrayed into grids of up to 480 cores in master blocks with three cores of normal lymph node tissue placed in the upperleft quadrant of the grid for orientation and as controls for the immunohistochemistry assay. Cores from each tumor were placed in the same master block. After construction, tissue microarray blocks were sealed with paraffi n and stored at 4 °C in a low-oxygen cabinet fi lled with N 2 gas until sectioning. No more than 48 hours before immunohistochemistry testing, sections (5 μ m thick) were cut from the tissue microarray master blocks, mounted on superfrost slides, and assayed for cyclin E [anti-cyclin E polyclonal antibody; Roberts laboratory, Fred Hutchinson Cancer Research Center ( 27 ) ] and for p27 (anti-p27 monclonal antibody; Neomarkers, Fremont, CA) expression as previously described ( 18 ) .
For tissue microarray image and data capture, sections of the array blocks stained with hematoxylin -eosin and by immunohistochemistry were scanned, and images were generated with the Bliss Imaging System (Bacus Laboratories, Inc, Lombard, IL), which is a Web-based platform for image acquisition. The x and y coordinates of each core within the grid were determined by the software and included as part of the unique identifi er, which was linked to the SWOG -Intergroup clinical database for the S9313 trial.
Data were collected and verifi ed from the digitized images by the study pathologists, all of whom were blinded to patient and other tumor characteristics. Expression of p27 and cyclin E proteins was scored by the staining intensity and the percentage of positive tumor cells on a scale of 1 -7, as follows: 1 = − ; 2 = − /+; 3 = +; 4 = +/++; 5 = ++; 6 = ++/+++; 7 = +++. Two pathologists (XPY and MGL) independently (and blinded to each other's scores) scored every core on the tissue microarray slides (6360 cores for cyclin E and 6360 cores for p27). Data were collectable (spots with tumor tissue present) for an average of 2.5 spots per tumor specimen (85% of tumors had at least three spots with data and only 4% of tumors had only one spot). The two primary pathologists' scores were in agreement for 87% of the cores on the cyclin E slides and 91% of the cores on the p27 slides. Those scores that were discrepant between the primary pathologists were reviewed (not blinded to the original scores) and resolved by a third pathologist (PLP).
To assign a composite score for each tumor, the values (1 through 7) for each independently scored core for that tumor were compared. If all the scores were in agreement, then that score became the composite score. If the majority of the scores were in agreement and were the highest score, that score became the composite score. If there was no majority score or if the majority was not the highest score, the cores were reviewed by a study pathologist (PLP), and a composite score was subjectively assigned that was representative of the tumor's highest staining.
Statistical Analysis
Disease-free survival was defi ned as the time to fi rst recurrence (local, regional, or distant), new primary cancer in the contralateral breast, or death due to any cause. Overall survival was defi ned as the time to death from any cause. Patients were censored on the date of last contact if a treatment failure event had not been observed. Unadjusted survival was assessed by the Kaplan -Meier method (see Figs. 1 , 2 , and 3 ). Cox regression analysis was used to estimate hazard ratios (HRs) and their 95% confi dence intervals (CIs). Analyses included unadjusted analyses of cyclin E and p27 expression; analyses adjusted for treatment assignment and prespecifi ed stratifying variables (tumor size [<2, 2 -5, or >5 cm], number of positive lymph nodes [0, 1, 2, or 3], and menopausal status); and additional analyses adjusted for hormone receptor status, which was determined post hoc to be an important predictor. It should be noted that, although we do not routinely test to confi rm that the proportional hazards assumptions hold for our data, we assess graphically whether the relationships hold over the entire time studied.
All reported P values and confi dence intervals are from twosided tests. Statistical testing was done with different cutoffs as described below to determine the sensitivity of the results to the choice of cut point. Because well-established and replicated cutoffs for the expression status of these proteins were not available, we made the a priori choice to analyze and report the scores dichotomized at their median (cyclin E divided as low [scores of 1 -3] versus high [scores of 4 -7] ; p27 divided as low [scores of 1 -5] and high [scores of 6 or 7] ). We also did statistical testing with previously reported cutoffs for high cyclin E expression (scores of 5 -7) and low or intermediate p27 expression (scores of 1 -3 versus 4 or 5) ( 18 ) and with marker expression as an ordinal value ranging from 1 to 7. For p27 expression, the median cutoff corresponded to the previously reported cutoff between low or intermediate and high expression for p27 ( 18 ) . We report results by use of the dichotomized median value and comment on results obtained by use of other cut points.
R ESULTS
Of the 3122 patients enrolled in clinical trial S9313, cyclin E and p27 expression was evaluated in 2032 (65.1%) and 2031 (65.1%) patients, respectively, and the expression of both proteins was evaluated in 2020 (64.7%) patients. The expression of both cyclin E and p27 could also be evaluated in 2020 (95.1%) of the 2123 tumor cores in the tissue microarray. Using the median as the cut point resulted in approximately equal distributions of tumors with low and high expression of both proteins, as expected, with 46% of cyclin E values scored as 4 -7 and with 46% of p27 values scored as 6 or 7.
Neither overall survival ( P = .67) nor disease-free survival ( P = .19) was statistically signifi cantly different between the randomized arms by use of a log-rank test for subjects for whom both markers were available ( Fig. 1 ) . However, participants for whom marker values were available were recruited earlier into the trial and tended to have slightly worse prognostic indicators Fig. 1 . Kaplan -Meier plots of overall survival and disease-free survival by treatment assignment in 2020 women enrolled in S9313 and tested for this study. A ) Overall survival. Overall survival was defi ned as the time to death from any cause. B ) Disease-free survival. Disease-free survival was defi ned as the time to fi rst recurrence (local, regional, or distant), new primary cancer in the contralateral breast, or death due to any cause. All statistical tests were two-sided. The 95% confi dence intervals are shown at 1, 3, 5, and 7 years for both treatment groups. The numbers of patients at risk for death due to any cause (overall survival) at 0, 1, 3, 5, and 7 years were 2020, 1995, 1833, 1706, and 1037, respectively. The numbers of patients at risk for death or recurrence (disease-free survival) at 0, 1, 3, 5, and 7 years were 2020, 1951, 1699, 1551, and 940, respectively, for the entire sample.
Downloaded from https://academic.oup.com/jnci/article-abstract/98/23/1723/2521906 by guest on 06 January 2019 (i.e., larger tumor size, older age, more positive lymph nodes) than those without marker values, and they were also more likely to be hormone receptor negative (data not shown). After adjustment for registration year, tumor size, number of positive lymph nodes, ER status, PR status, and menopausal status, disease-free survival did not statistically signifi cantly differ between those with markers and those without (HR = 1.07, 95% CI = 0.92 to 1.24; P = .40), and overall survival was marginally, but not statistically signifi cantly, different (HR = 1.20, 95% CI = 0.99 to 1.46; P = .062).
Relationship Between Cyclin E Expression and Survival
High expression of cyclin E protein was not statistically significantly associated with either overall survival ( P = .27) or diseasefree survival ( P = .33) ( Fig. 2 ) . In unadjusted models, high cyclin E expression was not associated with overall survival (HR = 1.12, 95% CI = 0.91 to 1.38) or with disease-free survival (HR = 1.09, 95% CI = 0.92 to 1.29) as compared with low cyclin E expression ( Table 1 ) . After adjustment for tumor size (<2, 2 -5, or >5 cm), number of positive lymph nodes (0, 1, 2, or 3 lymph nodes), menopausal status, and randomized treatment, cyclin E remained nonstatistically signifi cantly associated with either type of survival. When we used the cut point between a score of 1 -4 and a score of 5 -7, as previously described ( 18 ) , the expression of cyclin E was not associated with either type of survival (data not shown). If cyclin E was analyzed as a continuous variable with values of 1 -7 in unadjusted analyses, neither overall survival per unit increase of cyclin E (HR = 1.05, 95% CI = 0.98 to 1.12; P = .17) nor diseasefree survival per unit increase of cyclin E (HR = 1.04, 95% CI = 0.98 to 1.10; P = .18) was statistically signifi cant.
Relationship Between p27 Expression and Survival
The expression of p27 protein was statistically signifi cantly associated with overall survival ( P <.001) and with disease-free survival ( P = .002) ( Fig. 2 ) , with lower expression associated with poorer survival. In unadjusted models, lower levels of p27 were associated with worse overall survival (HR = 1.50, 95% CI = 1.21 to 1.86) and worse disease-free survival (HR = 1.31, 95% CI = 1.10 Fig. 2 . Kaplan -Meier plots of overall survival and disease-free survival by p27 Kip1 (p27) and cyclin E expression in tumors from women enrolled in S9313. A and B ) p27 expression. C and D ) Cyclin E expression. Overall survival was defi ned as the time to death from any cause. Disease-free survival was defi ned as the time to fi rst recurrence (local, regional, or distant), new primary cancer in the contralateral breast, or death due to any cause. All statistical tests were two-sided. The 95% confi dence intervals are shown at 1, 3, 5, and 7 years for both treatment groups. The numbers of patients at risk for death due to any cause (overall survival) at 0, 1, 3, 5, and 7 years were 2020, 1995, 1833, 1706, and 1037, respectively. The numbers of patients at risk for death or recurrence (diseasefree survival) at 0, 1, 3, 5, and 7 years were 2020, 1951, 1699, 1551, and 940, respectively, for the entire sample.
Downloaded from https://academic.oup.com/jnci/article-abstract/98/23/1723/2521906 by guest on 06 January 2019 to 1.57) than higher levels. After adjustment for tumor size, number of positive lymph nodes, menopausal status, and treatment, lower p27 expression remained statistically signifi cantly associated with worse overall survival (HR = 1.51, 95% CI = 1.22 to 1.87) and worse disease-free survival (HR = 1.32, 95% CI = 1.10 to 1.57). When p27 expression was used as a continuous variable with values of 1 -7, the strength of the statistically signifi cant association between p27 expression and survival decreased per unit decrease of p27 expression for overall survival (for each unit decrease in p27 expression, HR = 1.11, 95% CI = 1.04 to 1.17; P = .001) and for disease-free survival (for each unit decrease in p27 expression, HR = 1.08, 95% CI = 1.02 to 1.13; P = .004) (data not shown).
Relationship to Cell Cycle Protein Expression and Steroid Receptor Status
There was strong association between both p27 and cyclin E expression and ER and/or PR status. High cyclin E expression was associated with negative ER status and negative PR status (both P <.001), and high p27 expression was associated with positive ER status and positive PR status (both P <.001). These relationships suggested that adjusting for ER and/or PR status might distinguish between the effects of cyclin E and p27 expression. Because ER and PR expression is highly associated ( χ 2 [1 df] = 985.9, P <.001), we carried out an unplanned subset analysis in which we divided the patients with both markers into a receptor-positive group (i.e., ER-positive and/or PR-positive tumors; n = 1113) and a receptor-negative group (i.e., ER-negative and PR-negative tumors; n = 907) and analyzed cyclin E and p27 expression separately by receptor status.
Among receptor-positive patients, p27 expression was highly statistically signifi cantly associated with overall survival ( P = .005) and with disease-free survival ( P = .011) ( Fig. 3 ) . Among patients with receptor-positive tumors, lower p27 expression was associated with poorer overall survival (HR = 1.42, 95% CI = 1.05 to 1.94) and with poorer disease-free survival (HR = 1.27, 95% CI = 0.99 to 1.63) than higher p27 expression after adjustment for tumor size, number of positive lymph nodes, menopausal status, and treatment ( Table 1 ) . Among these patients, 5-year overall survival associated with higher p27 expression (0.91, 95% CI = 0.89 to 0.93) was similar to that associated with lower p27 expression (0.85, 95% CI = 0.82 to 0.87). Among patients with receptor-negative tumors, no association was observed between p27 expression and either overall survival (HR = 1.19, 95% CI = 0.86 to 1.64; P = .37) or diseasefree survival (HR = 1.06, 95% CI = 0.81 to 1.39; P = .80) ( Table  1 and Fig. 3 ) . Despite the apparently different outcomes among groups with different receptor status according to p27 expression, the interaction of p27 and receptor status was not statistically signifi cant for overall survival ( P = .44) or for disease-free survival ( P = .29).
Cyclin E expression was not statistically signifi cantly associated with either overall survival or disease-free survival among either receptor-negative or receptor-positive groups ( Table 1 ). There was a slight difference in the effect of cyclin E expression on survival between those with receptor-positive tumors and those with receptor-negative tumors, although the interactions were not statistically signifi cant for overall survival ( P = .076) or for disease-free survival ( P = .27). High cyclin E expression was associated with somewhat poorer overall survival among patients with receptor-positive tumors (HR = 1.25, 95% CI = 0.92 to 1.71) than among those with receptor-negative tumors and with better overall survival among patients with receptor-negative tumors (HR = 0.87, 95% CI = 0.65 to 1.16) than among those with receptor-positive tumors, although neither fi nding was statistically signifi cant. High cyclin E expression was associated with slightly poorer disease-free survival for patients with receptor-positive tumors than low cyclin E expression (HR = 1.13, 95% CI = 0.88 to 1.46) but not for those with receptor-negative tumors (HR = 0.95, 95% CI = 0.74 to 1.21), although neither association was statistically signifi cant.
D ISCUSSION
Among patients with breast cancer treated with essentially uniform anthracycline-based adjuvant chemotherapy, we found an association between low levels of p27 protein expression and poor clinical outcome. These fi ndings are in keeping with those of most previous studies ( 16 , 18 , 19 , 28 -30 ) that showed decreased overall or disease-free survival among patients whose tumors lack p27 expression, even though these studies differed in the age of the specimens, the antibodies used, the interpretation of results, and the composition of the patient populations. In some * p27 Kip1 = p27; HR = hazard ratio; CI = confi dence interval. Overall survival was defi ned as the time to death from any cause. Disease-free survival was defi ned as the time to fi rst recurrence (local, regional, or distant), new primary cancer in the contralateral breast, or death due to any cause. † Analyses were adjusted for tumor size (<2, 2 -5, or >5 cm), number of positive lymph nodes (0, 1, 2, or 3), menopausal status, and randomized treatment but not receptor status.
‡ Analyses were adjusted for tumor size (<2, 2 -5, or >5 cm), number of positive lymph nodes (0, 1, 2, or 3), menopausal status, randomized treatment, and receptor status (both estrogen receptor and progesterone receptor negative versus either positive).
§ Subset analyses by receptor status were adjusted for tumor size, number of positive lymph nodes, menopausal status, and treatment. Downloaded from https://academic.oup.com/jnci/article-abstract/98/23/1723/2521906 by guest on 06 January 2019 studies, p27 expression was not an independent prognostic marker in multivariable analyses ( 28 , 29 , 31 ) or did not maintain statistical signifi cance after long-term follow-up ( 29 ) . The association between reduced p27 and poor clinical outcome has been found among breast cancer subgroups, including young patients ( 18 ) , Chinese and Japanese patients ( 30 , 32 ) , patients with inherited BRCA mutations ( 33 ) , and patients with lymph node -negative disease ( 16 , 18 , 31 ) . In all these studies ( 16 , 18 , 30 -33 ) , the most important limitation in assessing prognostic value was the lack of uniform treatment. Two studies other than this study evaluated the expression of p27 retrospectively in a treatment trial setting: the Austrian Breast and Colorectal Cancer Study Group (ABCSG) (patients were diagnosed from 1990 through 1999) ( 21 ) and the International Breast Cancer Study Group (IBCSG) (patients were diagnosed from 1981 through 1985) ( 22 ) . In the ABCSG study, high levels of p27 expression were associated with improved survival in patients treated with tamoxifen or with combined hormonal therapy, including goserelin ( 21 ) . In the older IBCSG trial, no association between p27 expression and survival was observed except in the group of lymph node -negative patients who were given one course of perioperative cyclophosphamide, methotrexate, and 5-fl uorouracil (CMF), where low p27 expression and c-erbB-2 overexpression was associated with better survival ( 22 ) . In the IBCSG trial, age of the specimens, differences in treatment regimens, and low availability of tumors for testing (18% of the subjects enrolled in the trial) may have contributed to the difference between results in that study compared with those in other studies that report worse prognosis associated with reduced p27 ( 16 , 18 , 19 , 28 -30 ) .
In addition to being associated with poor survival, low levels of p27 expression have been associated with factors that predict poor survival, including high tumor grade ( 18 , 19 , 28 , 31 ) , elevated cyclin E expression ( 18 ) , overexpression of c-erbB-2 ( 22 , 34 ) , and a low or negative ER status ( 19 , 22 , 28 , 31 ) . Our fi ndings strongly support an association between p27 expression and low or negative steroid receptor expression, and our unplanned subset analyses by ER and PR status found a differential association of p27 expression with survival between steroid receptor -positive and steroid receptor -negative groups. This observation is in keeping with in vitro studies that indicate estrogen receptor signaling modulates the p27 inhibition of cell cycle progression ( 24 ) . For example, in the ER-positive MCF-7 breast cancer cell line, estrogen stimulates cell cycle progression, in part, through the decreased expression of cell cycle inhibitors p27 and p21, whereas blockade by pure estrogen receptor antagonists results in elevated levels of p27 and cell cycle arrest through binding with cyclin E complexes ( 24 ) . There is evidence that p27 is essential for cell cycle arrest by tamoxifen ( 24 , 35 ) ; in the ABCSG trial, high p27 expression was independently associated with better disease-free survival and better overall survival among patients treated with hormone therapy than among those treated with CMF chemotherapy ( 21 ) . In another small study ( 36 ) , low p27 expression was one of a panel of markers that was associated with poor survival in tamoxifen-treated patients but not in patients treated with surgery alone. The S9313 trial was not designed to address treatment response or resistance to tamoxifen. However, as part of the trial, 5 years of tamoxifen treatment was prescribed for all postmenopausal women and all hormoneresponsive premenopausal women after chemotherapy. Our data in patients with receptor-positive tumors, therefore, indicated that p27 expression was at least prognostic and might also be predictive of response to hormonal therapy.
Tumors from the S9313 trial should be evaluated quantitatively for the expression and amplifi cation of the estrogen receptor, the progesterone receptor, and c-erbB-2. With this information, we should be able to determine the relationships among these related molecules and breast cancer. For example, results of several studies ( 37 -39 ) have supported an association between c-erbB-2 overexpression and/or amplifi cation and anthracycline-based adjuvant therapy for breast cancer. However, c-erbB-2 overexpression alone did not predict prognosis in tamoxifen-treated patients who received cyclophosphamide, doxorubicin, and fl uorouracil adjuvant therapy in a study reported by the CALGB ( 40 ) . In preclinical studies, amplifi cation of c-erbB-2 results in the redistribution and decreased expression of p27 and the subsequent deregulation of cell cycle progression ( 41 ) . This activity may limit the effect of tamoxifen, which requires the expression of p27 ( 24 ) . Low levels of p27 protein expression are associated with c-erbB-2 amplifi cation and with chemotherapy response in lymph node -negative patients ( 22 , 34 ) . Recently, in vitro studies have demonstrated that the dual ErbB1 and ErbB2 inhibitor lapatinib can abrogate tamoxifen resistance ( 42 ) . With completion of c-erbB-2 assays on tumors from this trial, we should have the opportunity to assess the effect of c-erbB-2 amplifi cation on the relationship of p27 and survival in patients who received doxorubicin-based adjuvant therapy, especially in the receptor-positive subgroup pf patients treated with tamoxifen.
In this group of patients treated with doxorubicin plus cyclophosphamide, overexpression of cyclin E was associated with a slightly higher risk of recurrence or death (although not statistically signifi cantly so) among steroid receptor -positive patients but not overall or among receptor-negative patients. Support for the role of cyclin E in human tumor progression comes from its known activities in controlling both cell cycle progression and genome stability ( 27 , 43 , 44 ) and from studies that have directly measured protein expression in clinical tumor samples ( 18 , 20 , 45 , 46 ) . The most compelling evidence comes from a study of 395 women in which overexpression of low -molecular weight forms of cyclin E (measured by western blot analysis) was associated with a 13-fold increase in mortality from breast cancer ( 20 ) . Groups that have evaluated cyclin E expression by immunohistochemistry have failed to fi nd such a dramatic effect on survival, except in some studies of BRCA mutation carriers ( 18 , 33 , 47 ) . The polyclonal antibody used in this study and in previous studies recognizes both the low -molecular weight and full-length forms of cyclin E (data not shown). However, the relative quantity of the forms cannot be determined by immunohistochemistry, and thus, our fi ndings cannot be compared with fi ndings that are based on western blot analysis. Because it is the low -molecular weight forms of cyclin E that appear to be more resistant to antiestrogeninduced cell cycle arrest in ER-positive MCF-7 cells ( 48 ) , and possibly to other agents, studies that can assess the relative contribution of full-length and low -molecular weight forms of cyclin E are required to determine the prognostic and predictive value of the protein. Additionally, the makeup of the group of patients under study may infl uence the prognostic value of cyclin E: in an immunohistochemistry study of cyclin E expression in tumors of BRCA mutation carriers, a statistically signifi cant ninefold increased risk of mortality was associated with cyclin E overexpression ( 33 ) .
This study has several limitations. Although it consisted of the largest group of patients tested to date for p27 and cyclin E expression, we were limited by the tissue samples available and were only able to test 68% of the patients enrolled in the main treatment trial. The patients whose tumors were available for testing had worse prognostic factors and slightly worse overall survival (although not statistically signifi cantly so), but equivalent disease-free survival, compared with patients whose markers were unavailable. The effect of treatment was the same in both groups, and it is likely that the estimated effect of p27 and cyclin E expression on survival was not biased by tissue availability. Our results have not yet been validated in other studies, so they still need to be confi rmed before establishing p27 expression as a prognostic factor in patients treated with chemotherapy. Another limitation that decreases the generalizability of our results is the lack of centralized and uniform assessment of steroid receptors in this clinical trial.
In conclusion, we have shown that low p27 expression is associated with a worse prognosis in patients newly diagnosed with breast cancer who received doxorubicin plus cyclophosphamide adjuvant chemotherapy, especially among steroid receptorpositive, tamoxifen-treated patients. We have also validated the value of tissue microarray for testing promising markers of prognosis in the Cooperative Group setting. Additional studies are needed to determine the relationship of p27 and response to other agents and to assess its value in selecting patients for hormonal therapy. Future studies should help to elucidate the interaction of p27 and c-erbB-2 expression in relation to survival in patients treated with doxorubicin plus cyclophosphamide.
